Cold stress is a major environmental factor that affects plant growth, development, productivity and distribution. In higher plants, the known major cold signaling pathway is the C-repeat (CRT)-binding factor/dehydration-responsive element (DRE) binding factor (CBF/DREB)-mediated transcriptional regulatory cascade, which is essential for the induction of a set of cold responsive (COR) genes. Recent studies indicate that various plant hormones are also involved in responses to cold stress. This review summarizes recent progress in cold signaling and our understanding of phytohormone signaling in the regulation of plant responses to cold stress.
Introduction
Cold stress is one of the major abiotic stresses that limits the distribution and productivity of crops worldwide. Cold acclimation is one of the major mechanisms for plant to adapt to cold stress through activation of a set of cold responsive (COR) genes, which encode cryoprotective proteins that protect plant cells against cold-induced damage (Thomashow 1999) . Currently, the best understood cold acclimation signaling pathway is the ICE1-CBF-COR transcriptional cascade (Fig.1) . In this pathway, C-repeat (CRT)-binding factors (CBFs)/dehydrationresponsive element binding factors (DREBs) are rapidly induced by cold, and bind to the promoter regions of COR genes to activate their transcription (Chinnusamy et al. 2006; Thomashow 1999) . Emerging evidence has shown that CBFdependent pathway is regulated by many important regulators at transcriptional, posttranscriptional and posttranslational levels.
CBF genes are not only induced by cold stress, but also regulated by the circadian clock and light quality Franklin and Whitelam 2007; Thomashow 1999) . Recent studies have shown that the core components of the circadian clock play a positive role in CBF expression, whereas the evening components act as repressors of CBF expression (Dong et al. 2011) . A low red to far-red ratio (R:FR) or short-day grown Arabidopsis seedlings show circadian-gated induction of CBFs and altered freezing tolerance (Lee and Thomashow, 2012; Franklin et al. 2007) . CBF signaling therefore integrates cold, circadian and light signaling to regulate plant responses to environmental cues.
Plant hormones (known as phytohormones) are small molecule chemicals that are involved in the regulation of plant growth and abiotic stress responses (Peleg and Blumwald 2011) . The notable classic phytohormones include auxin, abscisic acid (ABA), ethylene (ETH), cytokinins (CKs), gibberellins (GAs), jasmonic acid (JA) and brassinosteroids (BRs). The models of hormone signaling have been established by genetic and biochemical approaches in recent years, and growing evidence indicates that hormonal components play important roles in regulating plant freezing tolerance by either CBFdependent or -independent pathways. Here, we highlight the latest understanding in cold signaling pathways and also discuss how phytohormones are involved in plant freezing tolerance.
Cold signaling perception and two-component systems
Cold signaling pathways have been extensively studied; however, the mechanisms by which plants sense low temperatures remain unclear. Low temperatures trigger the production of second messengers, such as Ca 2+ , which can be perceived by sensors (may be called 'secondary sensors') to activate plant responses under cold stress. One possible primary cold signal sensor is the plasma membrane Ca 2+ channel. In humans, transient receptor potential melastatin 8 (TRPM8) acts as a thermal sensor, whose activity is activated by cold temperatures (Bautista et al. 2007; Dhaka et al. 2007 ). In plants, cellular Ca 2+ dynamics are detected in response to cold within 40 s through a novel aequorin-based Ca 2+ -signaling mechanism (Zhu et al. 2013) . A recent study of Arabidopsis and moss indicated that the cyclic nucleotide gated calcium channel (CNGC) is important for thermal sensing and thermotolerance (Finka et al. 2012) .
Currently, one widely proposed hypothesis is that the reduction in membrane fluidity caused by cold stress appears to be a primary event of cold perception to activate the Ca 2+ channel in both prokaryotes and plants. The lipid composition of membranes has also been shown to play a pivotal role in plant responses to cold stress. The Arabidopsis fad2 mutant is defective in oleate desaturase and shows an irregular membrane composition and membrane rigidification, which results in lethality at low temperatures (Miquel et al. 1993) . The activity of diacylglycerol kinase (DAGK) can be used to monitor membrane rigidification. This enzyme is activated at 18 C in the fad2 mutant but is activated at 14 C in wild-type plants (Vaultier et al. 2006) . Moreover, ADS2 (acyl-lipid desaturase2) plays an essential role in chilling and freezing tolerance in Arabidopsis by adjusting the compositions of organelle membrane lipids (Chen and Thelen 2013) . Interestingly, SFR2 encodes a galactolipid remodeling enzyme localized on the outer chloroplast membrane, and it is essential for lipid remodeling and membrane stabilization during freezing (Moellering et al. 2010) . Additionally, recent studies have shown that cold induces proteolytic activation of a membrane-anchored NAC transcription factor, NTL6 (Seo et al. 2010) . This proteolytic processing of NTL6 is also promoted in the fad3 fad7 fad8 triple mutant, which exhibits membrane rigidification, suggesting that membrane rigidification may regulate NTL6 processing (Seo et al. 2010 ). These findings support the hypothesis that plant cells can perceive cold stress via membrane rigidification.
In prokaryotes, cold induced membrane rigidification is considered as a primary cold sensor, which can trigger the autophosphorylation of the membrane histidine kinases Fig. 1 Regulation of the CBF signaling pathway during cold acclimation. Cold signaling involves multiple regulatory mechanisms, including transcriptional, posttranscriptional, and posttranslational regulation, which are triggered by unknown temperature sensors. Some key components of the circadian clock also have effects on plant cold responses. The major components involved in the CBF-dependent signaling pathway are illustrated. Question marks denote connections not yet determined. Arrows indicate positive regulation, whereas lines ending with a bar indicate negative regulation. Abbreviations: CBF, C-repeat binding factor; CAMTA3, calmodulin-binding transcription activator 3; ICE1, inducer of CBF expression 1; HOS, high expression of osmotically responsive genes; SIZ1, SAP and Miz 1; CCA1, circadian clock-associated 1; LHY, late elongated hypocotyl; PRR, pseudo response regulator; COR, cold responsive; FRY2, FIERY 2; LOS4, low expression of osmotically responsive gene 4; RCF1, regulator of CBF gene expression1; ESK1, eskimo 1; GI, GIGANTEA; EIN3, ethylene insensitive 3; CRT, C-repeat elements; DRE, dehydration-responsive elements; MYBRS, MYB transcription factor recognition sequence; MYCRS, MYC transcription factor recognition sequence; CM2, conserved DNA motif2; Ub, ubiquitination; S, sumoylation.
(HKs), key components of the two-component system (Chattopadhyay 2006; Cybulski and de Mendoza 2011; Shivaji and Prakash 2010; Suzuki et al. 2000b ). For example, Synechocystis histidine kinase Hik33 has been identified as a cold sensor (Suzuki et al. 2000a; Suzuki et al. 2000b) . The N-terminus of Hik33 is essential for signal perception. Subdomain infusion analysis showed that N-terminal transmembrane helices HAMP and PAS domains play a vital role in regulating homodimerization and autophosphorylation of sensory Hik33 to active the expression of cold-inducible genes (Murata et al. 2006; Shimura et al. 2012) . In Bacillus subtilis, histidine kinase DesK can sense the decreases in membrane fluidity via membrane-spanning helices (Martin et al. 2009 ). DesK is a bifunctional enzyme with both kinase and phosphatase activities. The C-terminus of DesK acts as an auto-kinase that can autophosphorylate itself. The phosphoryl group of DesK is rapidly transferred to a DNA-binding response regulator DesR, which is able to activate the des gene that encodes acyl lipid desaturase, thus leading to changes in the fluidity of membranes (Aguilar et al. 2001; Albanesi et al. 2004; Cybulski et al. 2004; Martin et al. 2009; Miyazono et al. 2009 ).
Interestingly, histidine kinases (HKs) are one important class of hormone receptors in plants. There are 10 putative HKs in Arabidopsis, which are known as ethylene receptors and nonethylene receptors. The ethylene receptors have been found to be localized in the endoplasmic reticulum (ER) membrane (Chen et al. 2002; Wulfetange et al. 2011) . Among these receptors, subfamily I members ETR1 (ethylene response 1) and ERS1 (ethylene response sensor 1) have histidine kinase activity, while subfamily II members ETR2, ERS2 and EIN4 (ethylene insensitive 4) lack amino acid residues critical for this enzymatic activity. The subfamily II receptors are generally thought to function as Ser/Thr kinases (Gamble et al. 1998; Moussatche and Klee 2004; Xie et al. 2006; Chen et al. 2009; Wang et al. 2013) . The ethylene receptors function in concert with the physically associated Raf-like kinase CTR1 (constitutive triple response 1) to block the signal transduction pathway (Clark et al. 1998) . Genetic studies show that gain-of-function mutations in ethylene receptors of different subfamily, such as etr1-1 and ein4-1, exhibit enhanced freezing tolerance, whereas ctr1-1 loss-of-function mutant shows decreased freezing tolerance (Shi et al. 2012 ). These results suggest that ethylene receptors are positive regulators of freezing tolerance (Fig. 2) .
ER membrane-located cytokinin (CK) receptors Arabidopsis histidine kinase 2 (AHK2), AHK3 and AHK4/CRE1 (cytokinin receptor 1) belong to the nonethylene receptors. In Arabidopsis, CK signaling pathway is a two-component system, which consists of AHKs, Arabidopsis histidine phosphotransfer proteins (AHPs), and Arabidopsis response regulators (ARRs). Upon activation, AHKs transmit the signals via AHPs to ARRs through the phosphorelay cascade in Arabidopsis (Kakimoto 2003) . A recent study showed that the ahk2-2 ahk3-2 and ahk3-2 cre1-12 double mutants display enhanced freezing tolerance without affecting the CBF expression, indicating that CK receptors function as negative regulators in the plant responses to low temperatures (Jeon et al. 2010 ). However, cold stress has no obvious effect on the expression of AHK2, AHK3 and AHK4/CRE1 (Jeon et al. 2010) , which indicates that cold stress might alter CK receptor activity through an unknown mechanism.
Type-A ARR genes are rapidly induced by CKs, and they are shown to regulate the activity of type-B ARRs via a negative feedback loop (Muller and Sheen 2007; Ha et al. 2012 ). Among 10 type-A ARRs in Arabidopsis, ARR5, ARR6, ARR7 and ARR15 are rapidly induced upon cold stress (Vogel et al. 2005; Jeon et al. 2010) . Consistently, our group found that transgenic Arabidopsis plants overexpressing ARR5, ARR7 and ARR15 promote freezing tolerance while the expression level of CBF slightly changes in transgenic lines (Shi et al. 2012) . By contrast, another study reported that overexpression of type-A ARR7 causes hypersensitivity to freezing, whereas arr5, arr6, and arr7 mutants show enhanced freezing tolerance (Jeon et al. 2010) . Although the mechanisms underlying type-A ARR genes in cold response have not been revealed, we assume that ARR5, ARR7 and ARR15 are a group of rapid cold-responsive regulators that contribute to freezing tolerance. However, the molecular mechanisms of type-A ARRs action might be different from those of well-known COR genes. Compared with the traditional COR genes, the cold-induction of ARRs only goes up to five-fold. One possibility is that the negative regulatory role of CK signaling in freezing tolerance is at least partially dependent on ABA signaling (Jeon et al. 2010 ). Therefore, type-A ARRs might act as key players to directly integrate cytokinin, cold and ABA signaling. Furthermore, EIN3, the key transcription factor of ETH signaling, was shown to negatively regulate the expression of CBFs and type-A ARRs by directly binding to their promoters (Shi et al. 2012) (Fig. 2) . This study expands our knowledge of the network of ETH and CK signaling in plant responses to environmental stresses. It will be very interesting to identify novel cold response components that are directly regulated by the two component system signaling pathways.
CBF-dependent pathway of cold signaling
The ICE-CBF transcriptional cascade is acknowledged to modulate freezing tolerance (Fig. 1) . In this pathway, CBFs/ DREBs are rapidly induced by cold. CBFs/DREBs can bind to CRT/DRE cis-elements in the promoter regions of COR genes and activate their transcription (Stockinger et al. 1997; Liu et al. 1998; Thomashow 1999; Maruyama et al. 2012 ). There are three CBF genes (CBF1/DREB1b, CBF2/DREB1c and CBF3/DREB1a) in the Arabidopsis genome. Overexpression of CBF genes in Arabidopsis results in enhanced freezing tolerance (Thomashow 2001) , whereas knockdown of CBF1 and/or CBF3 increases plant sensitivity to freezing stress after cold acclimation (Novillo et al. 2007 ). However, the cbf2 mutant shows a freezing tolerance phenotype with or without cold acclimation (Novillo et al. 2004 ). Gene expression analysis indicated that CBF2 plays a negative role in the expression of CBF1 and CBF3 (Novillo et al. 2004) , suggesting the existence of a negative feedback regulatory network in the cold stress response. The CBF signaling pathway is conserved in different species. Expression of Arabidopsis CBF genes in many species can enhance cold tolerance (Yamaguchi-Shinozaki and Shinozaki 2006). Natural variation analyses in Arabidopsis accessions with different levels of freezing tolerance further supports the notion that CBF genes play essential roles in the basal freezing tolerance (Hannah et al. 2006; Kang et al. 2013) . It is noteworthy that CBF genes are induced by cold rapidly and transiently (induce within minutes, reach the maximum within 1-3 h, and decrease rapidly afterwards), while cold-induction of COR genes (starts after several hours, and reaches the maximum at up to 24 h) is much slower than that of CBF genes. It is possible that under cold stress, CBF proteins accumulate to a certain extent to induce COR gene expression. Alternatively, CBF proteins are modified or have partners that are activated by cold slowly. Therefore, it is important to examine the dynamics of CBF proteins under cold stress, and identify CBF-associated proteins to unravel the molecular regulation of CBF proteins in cold stress responses.
Transcriptional regulation of the CBF pathway
The cold-induced expression of CBFs is positively regulated by several transcription factors (Fig. 1) . ICE1 (inducer of CBF expression 1) encodes a MYC-type bHLH transcription factor that can bind to the CBF3 promoter, thereby activating CBF3 gene expression (Chinnusamy et al. 2003) . The ice1 mutant is defective in cold-induced CBF3 expression and shows reduced chilling/freezing tolerance, whereas overexpression of ICE1 increases freezing tolerance (Chinnusamy et al. 2003) . ICE2, a homolog of ICE1, positively regulates CBF1 expression and enhances freezing tolerance (Fursova et al. 2009 ). CBF2 is activated when the transcription factor CAMTA3 (calmodulin-binding transcription activator 3) binds to the CBF2 promoter (Doherty et al. 2009 ). Cold induction of CBF2 and some COR genes is impaired in the camta3 mutant, and the camta1 camta3 double mutant is hypersensitive to freezing stress (Doherty et al. 2009 ). Moreover, a Ca 2+ -binding calmodulinlike receptor protein kinase, CRLK1, can enhance cold tolerance by regulating CBF regulons (Yang et al. 2010 ). CBF1 and its downstream genes are downregulated in crlk1 loss-of-function mutant-under cold stress (Yang et al. 2010) . Further studies showed that CRLK1 mediates cold stress responses by interacting with MEKK1 and repressing MAPK kinase activity (Yang et al. 2012) . Because calcium influx is an early event in the cold signaling, these studies suggest a possible link between Ca 2+ -dependent MAPK cascade and cold signaling. Besides positive transcriptional regulators, there are also several transcription factors that negatively regulate the expression of CBFs and their downstream genes (Vogel et al. 2005; Agarwal et al. 2006; Shi et al. 2012) . A member of R2R3-MYB family of transcription factor MYB15 can bind to MYB recognition elements in the promoters of CBF genes. The myb15 mutant displays enhanced cold-induction of CBFs and freezing tolerance, whereas MYB15-overexpressing plants are defective in CBF expression and thus hypersensitive to freezing. Interestingly, MYB15 can interact with ICE1 (Agarwal et al. 2006) ; however, the biological significance of this interaction remains unclear. In addition, Arabidopsis ZAT12, a C2H2 zinc finger protein, has a negative effect on the expression of CBFs (Vogel et al. 2005) . Recently, EIN3, one of the transcription factors in the ETH signaling pathway, has been identified as a repressor of CBFs during cold acclimation (Shi et al. 2012) (Fig. 2) . EIN3 directly binds to the promoters of CBFs and negatively regulates expression of downstream cold-induced genes. In Arabidopsis, the endogenous ETH content is reduced after 1-3 h of cold treatment in Arabidopsis, which appears to be consistent with the results that the cold-induced expression of CBF genes peaks at 1-3 h and decreases at 6 h after cold treatment. Interestingly, cold treatment induces the accumulation of EIN3 protein in the nucleus after 6 h in an EIN2-dependent manner (Potuschak et al. 2003; Shi et al. 2012) . It is possible that the high level of EIN3 is necessary for the repression of CBF genes after their rapid induction and a transcriptionally antagonistic interplay exists between CBF and ETH signaling pathways. In the absence of the ethylene signal, EIN3 protein is targeted by EBF1/EBF2 complexes and degraded by the 26S proteasome . These results prompt us to assume that cold might block the degradation of EIN3. Consistent with this notion, the EBF1 protein is degraded after 6 h of cold treatment (Shi et al. 2012) . We speculated that the antagonistic regulation of the CBF signaling pathway by cold and ethylene signaling might be a balancing mechanism between establishment of the appropriate stress tolerance and minimal effects on plant growth and development. Under normal growth conditions, EIN3 suppresses the transcription of CBFs, thereby repressing expression of downstream COR genes. At early stages of cold stress, decreasing in endogenous ethylene inactivates the transcriptional repression of CBFs by ETH signaling and triggers CBFdependent cold acclimation. Later on cold stress promotes EIN3 accumulation to prevent overaccumulation of CBFs. Further studies on how ETH signaling responds to cold temperature and then regulates CBF signaling pathway will help us to fully understand the regulatory mechanisms of freezing tolerance.
Posttranslational regulation of the CBF pathway
Besides transcriptional regulation of CBF genes, several important components have been found to regulate cold acclimation by modulating CBF pathway at posttranslational levels (Fig. 1) . The RING finger E3 ligase HOS1 (high expression of osmotically responsive genes1) interacts with and ubiquitinates ICE1, leading to ICE1 degradation via the 26S proteasome pathway (Dong et al. 2006a ). In the hos1 mutant, CBFs and their target genes are hyper-induced during cold treatment, whereas overexpression of HOS1 reduces cold-induction of CBFs and freezing tolerance (Lee et al. 2001; Dong et al. 2006a) . In contrast, a small ubiquitin-related modifier (SUMO) E3 ligase, SIZ1 (SAP and Miz 1), mediates sumoylation of ICE1, which reduces the polyubiquitination of ICE1 to enhance its stability (Miura et al. 2007 ). Consistently, the siz1 mutation causes reduced cold-induction of CBFs and freezing tolerance, whereas the transgenic plants overexpressing SIZ1 display enhanced freezing tolerance (Miura et al. 2007) . Thus, two different modifications of ICE1 render opposite effects on ICE1 stability and CBF3 expression. One puzzle is the fact that continuous cold treatment promotes ICE1 protein degradation rather than stabilizes it in Arabidopsis (Dong et al. 2006a ). We proposed that at an early stage of cold stress, ICE1 induces downstream COR gene expression. Certain important regulators may function at this stage to prevent the degradation of ICE1. A recent study showed that repressors of jasmonate acid (JA) signaling-the bHLH-interacting proteins JAZ1/4-interact with ICE1/2 and repress ICE1 transcriptional activity, thereby modulating CBF expression and freezing tolerance (Hu et al. 2013) (Fig. 2) . Although there is no direct evidence showing that low temperature can inhibit the activity of the JA receptor COI1, it was indeed shown that cold rapidly induces the accumulation of JA, which can be sensed by COI1 and then recruits JAZ proteins for degradation, leading to activation of ICE1 (Hu et al. 2013) . Combined with previous studies that EIN3/EIL1 interact with JAZ1 to mediate jasmonate-regulated responses (Pauwels and Goossens 2011; Zhu et al. 2011) , it is possible that JAZs are antagonistic or synergistic to EIN3/EIL1 and ICE1, and modulate the CBF signaling pathway in multiple regulatory levels in early cold response.
Circadian rhythm, light and CBF-dependent cold signaling
Extreme temperature such as freezing stress triggers cold responses instantly to induce the expression of genes to protect plants against low temperature damage. At the same time, many cold-induced genes, including CBF genes, exhibit a rhythmic pattern against daily temperature changes, suggesting the existence of a molecular mechanism that can distinguish periodic cold signal to adapt to the wide range of environmental temperatures . It has been shown that two core components of the circadian clock, CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), positively regulate expression of CBF genes (Dong et al. 2011 ). In the cca1 lhy double mutant, cold-induction and circadian regulation of CBFs and their target genes are impaired, which leads to decreased freezing tolerance in this mutant (Dong et al. 2011) . A recent study showed that low temperatures affect the alternative splicing of CCA1 (CCA1 and CCA1) and inhibit the production of CCA1. CCA1b interacts with CCA1a and represses the DNA binding activity of CCA1a. Consequently, CCA1-overexpressing plants had reduced freezing tolerance, as observed in the cca1 lhy double mutant, whereas plants overexpressing CCA1 show enhanced freezing tolerance (Seo et al. 2012) . Several evening components of circadian clock, PSEUDO RESPONSE REGULATORs (PRRs), are required for repressing CBF genes. prr5 prr7 prr9 arrhythmic triple mutants exhibit enhanced freezing tolerance and increased CBF expression compared with the wild type (Nakamichi et al. 2009 ). PRR5/7/9 also play a role in regulating circadian rhythms of RAV1 and ZAT12 genes, which are cold induced in parallel with CBFs .
In addition, components of the circadian clock have been found to be influenced by cold response genes. A recent study showed that CBF1 protein is essential for regulating the expression of clock associated-gene LUX under cold conditions by binding to the CRT motifs in its promoter (Chow et al. 2014 ). Thus, CBF1-dependent cold signal can input and remodel the endogenous clock of plants.
The expression of CBFs is not only induced by low temperatures and the circadian clock but also controlled by light quality Franklin and Whitelam 2007) . Interestingly, both a low red to far-red ratio (R:FR) and short-day conditions can mimic the process of cold acclimation to increase the freezing tolerance of plants (Franklin and Whitelam 2007) . At 16 C, a low R:FR ratio induces the expression of CBF and COR genes. The phytochrome receptors PhyB and PhyD play important roles in the repression of COR genes. A lossof-function mutant of PhyD displays enhanced freezing tolerance (Franklin and Whitelam 2007) . Further studies showed that PIF4 (phytochrome-interacting factor 4) and PIF7 function as transcriptional repressors by directly binding to the G-boxes in the promoters of CBF1 and CBF2 genes and the E-box in the CBF3 promoter, which in turn represses the expression of CBFs during long-day conditions (Lee and Thomashow 2012) . However, PIF7 does not affect CBF1 and CBF2 gene expression under light conditions, indicating PIF7 plays a negative role in the expression of CBF1 and CBF2 under circadian control (Kidokoro et al. 2009 ). PIF4 has also been shown to be essential for controlling thermosensory activation of flowering through H2A.Z-containing nucleosomes (Kumar and Wigge 2010; Kumar et al. 2012) . Under non-stressful low-temperature conditions, H2A.Z nucleosomes may serve as thermosensors to modulate the temperature transcriptome based on their levels of occupancy on the promoters of temperature responsive genes (Kumar and Wigge 2010) . Further study indicated that H2A.Z nucleosomes mediate chromatin accessibility in response to the 12-27 C temperature range to directly regulate the binding of PIF4 to the FLOWERING LOCUS T (FT) promoter (Kumar et al. 2012) .
PIF4 can directly regulate the expression of three genes involved in auxin biosynthesis, IAA29, CYP79B2 and YUCCA8, to promote auxin biosynthesis at high temperatures (Franklin et al. 2011; Sun et al. 2012) . Interestingly, BZR1, a positive transcription factor in the BR signaling pathway, can directly interact with PIF4 to regulate a set of common target genes . DELLA proteins, the central repressors of gibberellin (GA) signaling, have been shown to interact with PIF4 and BZR1 to prevent them binding to their target genes (de Lucas et al. 2008; Bai et al. 2012) . Intriguingly, auxin-response factor 6 (ARF6), PIF4 and BZR1 interact with each other and regulate large number of common target genes, but their DNA-binding activities are blocked by a DELLA protein, RGA. Moreover, RGA disrupts the PIF4-ARF6 interaction (Oh et al. 2014) . Taken together, these results suggest that PIF4 may serves as a crucial integrator that coordinates light, cold and phytohormone signaling.
Transgenic plants overexpressing CBFs confer not only freezing tolerance, but also dwarfism and late flowering (JagloOttosen et al. 1998; Gilmour et al. 2004) . This phenomenon was shown to account for the accumulation of DELLA proteins resulting from reduced GA content in CBF1-overexpressing plants. Lack of DELLA proteins, GAI and RGA, could partially suppress the dwarf phenotype of CBF1-overexpressing plants, suggesting that CBF1-induced freezing tolerance is also partially dependent on DELLAs (Achard et al. 2008) (Fig. 2) . Combined with the aforementioned results, cold-induced expression of CBF1 stimulates DELLA accumulation (Achard et al. 2008) , which may result in the inhibition of PIF target genes.
Posttranscriptional regulation of COR genes
Molecular analysis has revealed the importance of the posttranscriptional regulation of cold-response genes, including premRNA processing and mRNA export from the nucleus. For example, Arabidopsis FIERY2 (FRY2), which encodes an RNA polymerase II C-terminal domain (CTD) phosphatase, functions in mRNA processing . Mutation of FRY2 results in mRNA retention during pre-mRNA processing, especially under stress conditions . fry2 mutants show increased expression of CBF genes; however, they are hypersensitive to freezing stress . Similarly, the rcf1 (regulator of CBF gene expression1) mutant was recently identified to exhibit hypersensitivity to cold stress albeit with high cold-induction of CBF genes. RCF1 encodes a cold-inducible DEAD-box RNA helicase, which is essential for maintaining the proper pre-mRNA splicing of many COR genes under cold stress (Guan et al. 2013) . Another pre-mRNA splicing factor, STA1 (stabilized 1), is required for pre-mRNA splicing and mRNA turnover of COR genes. Mutation of STA1 renders plants defective in COR15A gene splicing and hypersensitive to chilling stress (Lee et al. 2006 ). The nuclear pore complex (NPC) is composed of nucleoporins (NUPs) and is involved in the export of mRNAs or small RNAs to the cytoplasm (Cole and Scarcelli 2006) . In Arabidopsis, a mutation in nup160 causes a decrease in poly(A) mRNA export at low temperature, which causes reduced CBF expression and chilling/freezing-sensitive phenotypes (Dong et al. 2006b ). LOS4 encodes a DEAD-box RNA helicase that plays a crucial role in temperature responses.
The los4-1 mutant exhibits a chilling-sensitive phenotype with reduced expression of CBF3 and delayed expression of CBF1/2, whereas los4-2 is cold tolerant but heat sensitive. Accordingly, mRNA export is blocked in los4-1 under both normal and cold conditions. However, in los4-2 mutants, mRNA export is normal under cold stress but is defective at high temperatures (Gong et al. 2002; Gong et al. 2005) . Taken together, these results suggest the important role of pre-mRNA processing and mRNA export in cold stress responses.
CBF-independent pathway of cold signaling
A transcriptome analysis indicated that only 12% of the coldresponsive genes are controlled by CBFs (Fowler and Thomashow 2002) ; therefore, some CBF-independent components must function in cold signaling. For example, the Arabidopsis esk1 mutant shows constitutive freezing tolerance that is independent of the CBF regulon (Xin and Browse 1998) . Loss of HOS9, a homeobox transcription factor, causes reduced freezing tolerance without affecting the expression of CBFs and their target genes (Zhu et al. 2004 ). In addition, GIGANTEA (GI), which encodes a nuclear-localized protein involved in flowering and the circadian clock, is induced by low temperature. The gi-3 mutant shows both decreased constitutive cold tolerance and impaired cold acclimation ability without affecting CBF expression (Cao et al. 2005) .
Among CBF-independent cold signaling pathways, ABAdependent cold signaling pathway has been studied for many years. Transcriptome analysis revealed that 10% of ABAresponsive genes are also responsive to cold stress (Kreps et al. 2002) . For some COR genes, such as RD29A, RD22, COR15A and COR47, their promoters not only contain the CRT/DRE motif but also harbor ABA response (ABRE) cis-elements that can be activated by ABRE-binding proteins/factors (AREBs/ABFs) (Uno et al. 2000) . Although it was shown that ABA levels increase slightly in response to low temperature (Lang and Palva 1992) , genetic studies indicate that ABA biosynthesis and signaling components are important for the expression of COR genes (Gilmour and Thomashow 1991; Mantyla et al. 1995) . One of the ABRE-binding proteins, ABI3, was shown to function in the cold stress response. Ectopic expression of the seed-specific ABI3 confers ability to express COR genes in vegetative tissues and enhances freezing tolerance in Arabidopsis (Tamminen et al. 2001) . One study showed that ABF2 interacts with CBF3 in vitro (Lee et al. 2010) , suggesting that these two pathways are not entirely independent of each other.
Conclusions and Prospects
In the past years, much progress has been made toward elucidating the molecular mechanisms of plant responses to cold stress. However, how plants sense cold signals remain unanswered. After the perception of low temperature, plants activate a complex cold acclimation process in CBF-dependent and independent manners. Although the CBF-dependent pathway has been extensively studied, some key questions have yet to be investigated. For example, the protein kinases that are involved in the CBF pathway remain elusive. Moreover, the master regulator of cold signaling, ICE1, can be ubiquitinated by HOS1 and sumoylated by SIZ1. Further investigation of the mechanisms underlying the modification and regulation of ICE1 will be helpful for comprehensive understanding cold signal transduction in plants.
With our understanding of cold signaling, the crucial role of plant hormones involved in the cold stress response has been demonstrated. The role of ABA in the cold stress response has been studied; however, the underlying mechanism of ABA signaling in the regulation of freezing tolerance remains to be investigated. Crosstalk among plant hormones is important for the activation of downstream genes essential for plant development and responses to cold stress. For example, JAZs interact with EIN3/EIL1 to mediate JA, ETH and CBF signaling; competitive binding of DELLAs with PIF4-BRZ1 modulates GA, BR and CBF signaling pathways. As more transcriptomic and proteomic information becomes available, these data can be mined to identify novel components involved in the cold signaling and additional nodes of crosstalk between cold stress signaling and phytohormone signaling will be identified in further work.
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